Developing low-cost, high-performance catalysts is of fundamental significance for electrochemical energy conversion and storage. In recent years, metal@carbon core@shell nanocomposites have emerged as a unique class of functional nanomaterials that show apparent electrocatalytic activity towards a range of reactions, such as hydrogen evolution reaction, oxygen evolution reaction, oxygen reduction reaction, and CO 2 reduction reaction, that are important in water splitting, fuel cells and metal-air batteries. The activity is primarily attributed to interfacial charge transfer from the metal core to the carbon shell that manipulate the electronic interactions between the catalyst surface and reaction intermediates, and varies with the structures and morphologies of the metal core (elemental composition, core size, etc.) and carbon shell (doping, layer thickness, etc.). Further manipulation can be achieved by the incorporation of a third structural component. A perspective is also included highlighting the current gap between theoretical modeling and experimental results, and technical challenges for future research.
Introduction
In recent decades, extensive research efforts have been devoted to the development of effective technologies for electrochemical energy conversion and storage, which entail, in particular, rational design and engineering of functional nanomaterials as high-performance, low-cost catalysts towards important reactions, such as hydrogen evolution reaction (HER), oxygen evolution reaction (OER), oxygen reduction reaction (ORR), and carbon dioxide reduction reaction (CO 2 RR) [1] [2] [3] [4] [5] [6] [7] . Currently, the leading catalysts for these reactions are generally based on noble metals such as platinum, ruthenium and iridium [8] [9] [10] [11] [12] , where structural engineering represents a key strategy to enhance the performance and concurrently reduce the costs of the catalysts [13] [14] [15] [16] [17] [18] . This has been demonstrated in a number of prior studies that focus on the manipulation of the elemental compositions, crystalline facets, surface morphologies, as well as alloying of the nanoparticles with (non-)noble metals [19] [20] [21] [22] [23] [24] [25] [26] . In some other studies [2, [27] [28] [29] [30] [31] , nanocomposites based on (non-noble) metals and metal compounds incorporated into carbon matrices have also been found to exhibit apparent electrocatalytic activity. For instance, Wang and coworkers [2] summarized non-noble metal-based carbon composites as HER electrocatalysts and the activity was attributed to (i) improved electrical conductivity by the carbon phase and texture structures, (ii) the formation of abundant active sites due to high dispersion of small-sized metal/metal composites on carbon, and (iii) charge transfer dynamics facilitated by the synergistic coupling between the two components. The Chen group [31] reviewed single metal atoms supported on a carbon matrix as efficient electrocatalysts, and Asefa et al. [27] summarized (noble) metal-free heteroatom-doped carbons as high-performance electrocatalysts. Among these, metal@carbon (M@C) core@shell composites, where metal nanoparticles are encapsulated within a carbon matrix, have been attracting particular interest because of their unique features, such as high electrical conductivity, large surface area, and optimizable surface electronic structure due to intimate interactions between the metal core and carbon shell [32] [33] [34] [35] . The encapsulation of the metal nanoparticles within a carbon shell also leads to enhanced structural stability of the metal and thus long-term durability of the catalysts [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . In this review, we will focus on recent progress in the design and engineering of M@C electrocatalysts towards diverse reactions ( Fig. 1) , within the context of the metal cores, carbon shells, and third components. We will start with an overview of theoretical advances that help develop a mechanistic framework of M@C composites in electrocatalysis, summarize recent progress in the design and engineering of various M@C structures for diverse applications, and then include a perspective that highlights key challenges in future research.
Mechanistic framework
To rationally design high-performance, advanced electrocatalysts, it is of fundamental importance to understand the reaction pathways and identify catalytic active sites, in which density functional theory (DFT) calculations have been playing a powerful role [47] [48] [49] [50] [51] [52] . For instance, M@C nanocomposites have been known to be active towards HER, which in general entails three key reactions in acid, Volmer reaction:
Tafel reaction: 2H* ↔ H 2 * (2) Heyrovsky reaction:
where * is the active site of the catalyst. Results from DFT calculations have shown that the HER process likely involves the Volmer-Heyrovsky or Volmer-Tafel pathway on a range of transition-metal surfaces, where the Volmer step is a fast reaction while the Heyrovsky or Tafel reaction is the ratedetermining step [53] [54] [55] . In 1958, Parson first pointed out that a maximum exchange current density would be attained when the hydrogen adsorption free energy (DG H* ) was close to thermoneutral (DG H*~0 ) [56] . Norskov et al. plotted DG H* from DFT calculations versus experimental HER exchange current density (Fig. 2 ) [57] , and observed a volcano-shaped variation with the peak position close to platinumdnote that platinum is the state-of-the-art HER catalyst with an almost zero overpotential and small Tafel slope. This volcano plot was further consummated in other studies in the literatures [58, 59 ]. This suggests that DG H* can be exploited as an effective descriptor in the design, engineering and optimization of HER catalysts. For M@C catalysts, with the active sites located on the carbon shell, one can see that whereas DG H* on pure C is very positive and H þ adsorption (Volmer step) is energetically unfavorable, in contrast to transition metals where DG H* is generally negative, the formation of M@C core@shell structures leads to reduced DG H* on the C shell, in good agreement with enhanced HER activity observed experimentally. This is largely attributed to effective charge transfer from the metal core to the carbon shell [60] . Further contributions can arise from deliberate doping of the carbon shells by select metal and nonmetal heteroatoms. Fig. 3 depicts results from DFT calculations of N-doped graphitic carbon hybridized with various transition metals (compounds) in HER electrocatalysis [61] . (Fig. 3d) , suggesting that a lower C p z band center can strengthen proton binding. Note this is in contrast with the results of proton adsorption onto transition metal surfaces described by the d-band center theory [62] , because of the full occupancy of the s* orbitals of H* and C when protons are adsorbed on carbon active sites, where few electronic states can be found in the conduction bands (Fig. 3e-f) . Therefore, the bonding with proton will be strengthened with a deeper valence orbital level of the graphitic sheet. From these DFT calculations, one can see that indeed dopants and substrate interactions play an important role in boosting the activity of [61] carbon towards HER by charge transfer from the substrate to carbon.
Such interfacial charge transfer is also responsible for electrocatalytic activity towards other reactions, such as OER and ORR. Here we will focus on OER [63] [64] [65] [66] [67] , as ORR is the reverse of OER and has been widely studied [68] [69] [70] [71] [72] . Generally, OER in alkaline media involves four steps as described below [65] ,
The overall reaction energy
, which is a constant. Here we take FeNi@C [35] as an illustrating example. Fig. 4a schematically illustrates a FeNi@C model for DFT calculation and the adsorption of various oxygen intermediates. Fig. 4b plots the Gibbs free energies at different reaction stages under various potentials, from which an overpotential of 0.49 V is suggested to catalyze OER on FeNi@C, as compared to the equilibrium potential (1.23 V). Extending the studies to other M@C samples involving a range of metal nanoparticles (Fig. 4c) , one can see that there is a good scaling relationship between G(HO*) and DG(HOO*) with an intercept of 3.2 eV and a slope of 1 [65] , indicating that HO* and HOO* likely follow the same bonding mechanism to the catalyst surface. The overpotential can be readily determined by the difference of the binding free energy between O* and HO*, DG(O*) À DG(HO*). Using this as an activity descriptor, one can see that the plot of calculated overpotential versus DG(O*)ÀDG(HO*) displays a volcano feature (Fig. 4d) , and that of FeNi@C is ca. 1.48 eV, closest to the volcano peak, which suggests that FeNi@C is the most active one among the series of samples. This is indeed confirmed by experimental studies. Figs. 4e-f display the representative TEM and HRTEM images of FeNi@NC, where FeNi nanoparticles of 6-10 nm (with well-defined lattice fringes) are encapsulated within a single layer graphene shell. Electrochemical measurements (Figs. 4g-h) show that the OER performance of the series of M@NC catalysts follows the order of FeNi > CoNi > FeCo > Ni > Co > Fe, by comparing the electrode potentials needed to reach the current density of 10 mA cm À2 (E 10 ). This is, again, ascribed to electron transfer from the metal core to the carbon shell that manipulates the DG of reaction intermediates, specifically, DG(O*) À DG(HO*). In fact, the number of electrons gained per metal atom is 0.15, 0.12, 0.07 and 0.10 for Fe@C, Co@C, Ni@C and FeNi@C, respectively, where the corresponding DG(O*) À DG(HO*) increases to 1.03, 1.06, 1.21 and 1.48 eV, as compared to that of pristine graphene. The best sample, FeNi@NC, also shows excellent durability, as compared to the benchmark IrO 2 catalyst when tested at the current density of 40 and 100 mA cm À2 for 10,000 cycles ( Fig. 4h) , consistent with results from the DFT calculations.
Metal core effect
As demonstrated above, interfacial charge transfer from the metal core to the carbon shell is argued to be the main driving force responsible for the electrocatalytic activity of M@C composites. Within this fundamental framework, one can see that the electrocatalytic activity can be readily manipulated by the metal work functions [74, 75] , which depends on the chemical nature of the metals (Table 1) , as well as elemental composition and arrangement of metal alloys (Table 2 ). In an early study with metal nanoparticles encapsulated in N-doped graphene (M@NG) [45] , the HER activity was indeed found to vary with the elemental composition of the metal nanoparticles. Figs. 5a-c depict the HRTEM images of RuCo@NG (3.58 wt% Ru), where one can see that the RuCo nanoalloy particles are encapsulated within a carbon shell of 6-15 graphene layers in thickness, and the cubic and hexagonal Co phases can be clearly identified from the lattice fringes, while no Ru phase can be observed due to the low content. Fig. 5d compares the HER performance of the resulting RuCo@NG, Ru nanoparticles, and Pt/C in 1 M KOH. It can be seen that the RuCo@NG sample shows an overpotential (h 10 ) of only À28 mV to reach the current density of 10 mA cm À2 , a performance even better than that of Pt/C (h 10 ¼ À40 mV) or Ru nanoparticles (h 10 ¼ À58 mV). Also, RuCo@NG exhibits great long-term stability since h 10 only increases by 4 mV after 10,000 cycles, while h 10 of Pt/C increases by 8 mV and that of Ru nanoparticles increases much more dramatically by almost 70 mV (Fig. 5d) . Results from DFT calculations (Fig. 5e) show that jDG H *j decreases gradually with the increase of Ru content in Ru x Co 55Àx @N 1 C 239 (x ¼ 0, 1, 2, or 3), suggesting that the improved HER performance is likely due to enhanced proton adsorption. Furthermore, from the charge density distribution of Co 55 @N 1 C 239 and Ru 3 Co 52 @N 1 C 239 ( Fig. 5f ), the Bader charge transfer number from the metal core to the graphene shell can be estimated to be 5.81 and 5.91, respectively, consistent with the higher HER activity observed with RuCo@NG than with Co@NG, likely due to the strengthening of the CeH bond. Certainly one may notice that in the experimental studies the particles are much larger (~30 nm), and the graphene layers much thicker (6-15 layers). This raises serious questions about the direct correlation between the results from the experimental and theoretical studies. Nevertheless, both results suggest that indeed the a In HER and OER, h 10 refers to the overpotential needed to reach the current density of 10 mA cm À2 . In ORR, E onset and E ½ denote onset potential and halfwave potential, respectively. In oxygen electrode, DE is the difference between the potential at the OER current density of 10 mA/cm 2 and ORR half-wave potential, i.e., DE ¼ E 10,OER À E ½,ORR . In overall water splitting, E 10ws is the cell potential needed for a current density of 10 mA/cm 2 . All the potentials are versus to RHE if there is no special notification. encapsulated metal nanoparticles may promote proton adsorption by interfacial charge transfer to the carbon shell. In a more recent study [46] , IrCo alloy nanoparticles are encapsulated in N-doped carbon cages at a low Ir content of only 1.56 wt%. Yet the sample shows a better catalytic performance (h 10 ¼ À24 mV) in 0.5 M H 2 SO 4 than Pt/C (h 10 ¼ À35 mV). Remarkable HER activity has also been observed with PdCo@NC [44, 76] , CoRu@NC and NiRu@NC [77, 78] . Such M@C nanostructures have also shown apparent activity towards other reactions, such as ORR, ethanol oxidation reaction, and single cell [43, 79, 80] .
Further enhancement of the electrocatalytic performance can be achieved by incorporating a third metal forming more complicated alloy nanoparticles in the catalysts. In an earlier study [107] , Yang et al. prepared a series of binary and ternary alloy nanoparticles encapsulated in N-doped carbons and compared the OER and HER activities. Fig. 6a shows a representative HRTEM image of a single FeCoNi@NC nanoparticle embedded within a NC matrix of ca. 1.71 nm in thickness and the elemental composition is confirmed in the corresponding STEM elemental mapping analysis (Fig. 6b 1 -b 4 ). The OER performance was evaluated in 1.0 M KOH, and the results (Fig. 6c) show that within the context of E 10 , most of the prepared samples exhibited a better activity than commercial RuO 2 , and FeCoNi-2 (prepared at the initial feed ratio of Fe:Co:Ni (Fig. 6d) . This suggests that the OER and HER activity can be readily adjusted by the elemental compositions of the metal alloy cores. DFT calculations based on a 55-atom metal cluster (Fig. 6e) show that (i) DG H* followed the same order as the experimental results, where the best catalyst FeCo exhibited the lowest DG H* (Fig. 6f) , (ii) the calculated volcano plot (Fig. 6g) of OER suggested that the OER activity could be improved by incorporating multiple metals into the core and increasing the degrees of freedom of the alloys. Fig. 6h depicts the Bader charge transfer profiles of the various M@C structures, and the numbers of electron transfer were estimated to be 5.81, 6.69, 6.50 and 5.25 for M ¼ Co, FeCo, FeCONi and CoNiFe, respectively. Therefore, one can see that the composition of the metal core can indeed efficiently affect the electronic structure of the graphene shell, a unique feature that can be exploited to tailor the catalytic activity towards different reactions.
Carbon shell effect
For M@C catalysts, reactions occur on the carbon shell surface. Thus, one can envisage that the electrocatalytic performance can also be readily manipulated by the structure of the carbon shell. One effective strategy is to dope the carbon materials with select heteroatoms [122] [123] [124] [125] . Notably, for undoped carbon, the electrocatalytic performance is generally subpar [81, 85, 92, 103, 109, 115, 126] . For instance, in ORR, the onset potential (E onset ) of Co nanoparticles encapsulated in undoped carbon (Co@C) was 50 mV more negative than that of Pt/C; yet when the carbon was doped with nitrogen, the performance was actually better than that of Pt/C [88, 92, 101] . In some other studies [85, 93, 94, 119] , the performance of overall water splitting by Ni@C was found to be markedly enhanced with a doped carbon shell, as compared to that with undoped carbon. In fact, experimentally, a wide range of dopants, including nonmetal elements and metal elements (Tables 1 and 2 ) have been incorporated into the C shell. For instance, the Ye group [39] prepared Co@C for HER electrocatalysis, where the carbon shell was doped by N alone or co-doped by N and B. Fig. 7a depicts the polarization curves of a series of Co@C electrocatalysts, from which the h 10 values can be identified at À284, À191, and À96 mV for Co@C, Co@NC and Co@BNC, respectively, suggesting that doping of the carbon shell indeed enhanced the HER activity, and the enhancement was more pronounced with dual doping than with mono-doping. To unravel the mechanistic origin, DFT calculations were carried out by using a Co 55 @C 240 model, where a select number of C atoms were replaced by N and/or B. The DG H* results are plotted in Fig. 7b . One can see
that the undoped carbon shell shows a very positive DG H* , indicative of difficult H* adsorption, while the DG H* of the metal core is very negative, suggesting strong proton adsorption. Again, the formation of M@C composites led to a markedly reduced DG H* to 0.35 eV [57] . Interestingly, doping led to a further decrease of the DG H* to 0.23 eV for the C 234 N 6 shell and even lower to 0.118 eV for the C 232 N 6 B 2 shell. This is contributed to charge transfer from the metal core to carbon shell and more importantly the introduction of an asymmetrical spin and charge density by doping of N and B due to their electronegativity difference, leading to the formation of more C and N as active sites for HER (Fig. 7c) . In another study [89] , Fe nanoparticles were encapsulated in N-doped Pod-like carbon nanotubes (Pod(N)eFe) and used as ORR electrocatalysts. The resultant Pod(N)eFe or Pod(N)eFeCo exhibited enhanced ORR activity, as compared to Pod-Fe with undoped CNT (Fig. 7d) . DFT calculations using the models of Fe 4 @SWCNT and Fe 4 @N-SWCNT (Fig. 7e) show that based on the p-DOS of the p-orbital of Fe 4 -bonded C and the charge density difference, N-doping increased the DOS near the Fermi level and reduced the work function of the surrounding area, as compared to that without N-doping. Fig. 7f displays the corresponding ORR free energy diagrams. One can see that after N-doping, the oxygen adsorption free energy decreased to À0.4 eV from þ0.03 eV without N-doping, indicating that N-doping efficiently facilitated oxygen adsorption and the associative pathway to convert O 2 to H 2 O. Overall, results from these studies demonstrate that dopants in the carbon shell have two major effects: to further manipulate the electronic structure of the surrounding atoms by charge transfer interactions; and to promote the formation of additional active sites. The electrocatalytic activity of M@C also depends on the thickness of the carbon shell. For instance, the Bao group [127] carried out DFT calculations to study the effect of the number of CNT or N-CNT layers on the electrocatalytic activity of Fe 4 @CNT and Fe 4 @N-CNT. As shown in Fig. 8a , the dissociative adsorption energies of oxygen (E a(dis) ) increased almost linearly with the number of CNT layers increased from 1 to 3 for both Fe 4 @CNT and Fe 4 @N-CNT. Note that a smaller E a(dis) is expected for better ORR catalysts. In addition, the difference of the catalytic performance between CNT and Fe 4 @CNT or between N-CNT and Fe 4 @N-CNT diminished with the increase of the carbon nanotube layers, and the difference almost vanished when the number of nanotube layer reached 3, indicating that the effect of the metal cores now became negligible and the catalysts behaved equivalently to metal-free carbon alone [122] [123] [124] [125] . In another study with Cu@NC [84] , DFT calculations showed that charge transfer occurred from the Cu cores to the single layer NC shell, leading to manipulation of the adsorption energy of O 2 on the NC shell (Fig. 8b) . However, for a shell of 2 NC layers (Fig. 8c) , the electronic interactions were mainly between Cu core and the internal NC shell but not the external one. This apparently contradicts the experimental results described above. One possible reason is that in experimental study, the prepared M@C composites actually entail a range of carbon shell thicknesses; yet it is technically challenging to resolve a single carbon layer on metal nanoparticle surface that makes dominant contributions to the electrocatalytic activity.
The impacts of the thickness of the carbon shell have also been observed in HER electrocatalysis. For instance, Deng et al. [60] compared the HER activity of NiCo@NC for HER with CoNi nanoalloys of 4-7 nm in diameter encapsulated in a NC shell varied from 1 to 3 graphene layers by controlled pyrolysis at different temperatures (Fig. 9a-b) . HER polarization curves (Fig. 9c) showed that the CoNi@NC prepared at 475 C possessed the best HER catalytic activity among the series of samples except for Pt/C. Fig. 9d plots the DG H* difference between CoNi@NC and NC (DDG H* ) and the electronic potentials from DFT calculations as a function of the number of NC layers. It can be clearly seen that with an increasing number of the NC layers from 1 to 3, the DDG H* decreased from 0.8 eV to 0.1 eV while the electronic potential decreased from À0.5 eV to 0 eV, suggesting that an increase of the NC layer thickness diminished the effect of the CoNi cores on the HER activity, and when the thickness was equal to or greater than 3 layers, there was virtually no effect. The charge density difference profiles of CoNi@NC with 1-3 NC layers (Fig. 9e ) also suggest that whereas electron transfer occurred from the CoNi core to the NC layers, it decreased dramatically with the NC layer thickness.
These studies clearly demonstrate that the number of graphene layers exhibits significant impacts on the electronic structure of the M@C nanostructures. Yet charge transfer from the metal cores to the carbon shell is primarily confined to the first three graphene layers. In most prior experimental studies, the M@C catalysts primarily entail a much thicker carbon shell. This suggests that one should be critical in developing a relevant structural model for theoretical simulations and calculations, such that the theoretical insights may be directly [127] correlated with the experimental data to account for the electrocatalytic performance and, more importantly, to unravel the mechanistic origin. Meanwhile, it is highly desired to develop effective synthetic protocols for ready control of the carbon shell thickness, in which some progress has been made [35, 128] .
Third component effect
The electrocatalytic performance of M@C nanostructures can also be manipulated by a third component that is typically incorporated as part of the core or shell, or hybridized with the M@C composites. Such third components typically entails metal oxides, such as TiO 2 [129] , CoO [61, 130] , Co 3 O 4 [91, 98, 131] and MMʹO x (M, Mʹ ¼ Fe, Co, Ni, and Cu) [132] [133] [134] , and can be used as multifunctional electrocatalysts towards ORR, OER and HER. For instance, the Sun group [132] prepared CuCo/CuCoO x @NC hybrids as bifunctional electrocatalysts for overall water splitting, where a cell voltage (E 10ws ) of only 1.53 V was needed to reach a 10 mA cm À2 current density, and claimed that one of the contributions was from the metal-semiconductor Mott-Schottky structure which optimized charge transfer in the material [135, 136] . Jin et al. [130] prepared Co/CoO x @NC as HER and OER bifunctional catalysts and found that the presence of Co 2þ enhanced the OER performance via a synergetic interaction between the cobalt metal and cobalt oxides. In another study, Yu et al. [129] examined the HER activity of Co@NCNT, and found that hybridization with defective TiO 2 (D-TiO 2 /Co@NCNT) led to marked enhancement of the HER performance. The structure of the D-TiO 2 /Co@NCNT hybrid was first characterized by TEM measurements (Fig. 10a-b) , and the structural defects of TiO 2 were confirmed by XPS measurements where a Ti 3þ peak was identified at 455.2 eV (Fig. 10c) , and EPR measurements showed a stronger radical O 2À signal at g ¼ 2.00 in D-TiO 2 /Co@NCNT than in TiO 2 -NC (Fig. 10d) . Impressively, the resulting D-TiO 2 /Co@NCNT composite exhibited an excellent HER activity with a low h 10 of À167 mV (Fig. 10e) and a small Tafel slope of 73.5 mV/dec (Fig. 10f) . DFT calculations based on a relaxed model of defective TiO 2 with one O vacancy (Fig. 10g) showed that DG H* at the Ti defect site was only 0.081 eV, comparable to that of state-of-the-art catalysts Pt/C (DG H* ¼ À0.09 eV), indicating that the D-TiO 2 provided additional active sites for HER.
In another study [137] , the Chen group prepared Fe/ Fe 3 C@NC nanorods, where the cores were Fe/Fe 3 C composite rods and the shells were N-doped graphene, and observed improved ORR activity in neutral electrolytes, as compared to commercial Pt/C. They then successfully used Fe/Fe 3 C@NC as cathode catalysts for microbial fuel cells. In a further study [138] , they developed a more complex structure consisting of Fe/Fe 3 C@C nanoboxes on reduced graphene oxide (rGO), which exhibited apparent ORR activity in alkaline electrolyte. More recently, Wang et al. [139] synthesized Fe/Fe 3 C nanoparticles encapsulated in a N-doped graphene-CNT framework, which exhibited bifunctional activity towards both ORR and OER, and thus was used as oxygen electrodes in rechargeable Zn-air batteries. However, the role of Fe 3 C in the structures remained unknown, since no control experiments were included to examine and compare the activity of Fe@NC [89, 140] .
Separately, the Lou group [91] embedded Co nanoparticles within a carbon matrix and encapsulated the composites with a Co 9 S 8 shell. They found the Co 9 S 8 layer led to the generation of an increasing number of ORR active sites and hence enhanced ORR performance, as compared to that without the overlayer [83, 88, 91, 92, 99, 102, 141] . A variety of composite catalysts were prepared in a similar fashion, such as Fe 3 O 4 / Co 9 S 8 /rGO, Co/Co 9 S 8 /C, and Co/Co 9 S 8 /SN-C [142] [143] [144] . For instance, Hao et al. [145] embedded Co/CoP in N-doped carbon as tri-functional electrocatalysts for ORR, OER and HER, a unique feature for applications like water splitting and rechargeable metal-air battery. This is due to the addition of CoP that led to the formation of more active sites [146] [147] [148] . Furthermore, Jin et al. [149] prepared Co@C/Co(OH) 2 composites for HER electrocatalysis, where Co(OH) 2 was in-situ formed by an electrochemical treatment.
These representative examples highlight the unique strategies in the design and engineering of high-performance (multifunctional) catalysts by the incorporation of a third component, due to the following advantages: (i) generation of additional catalytic active sites, (ii) further control of the electronic properties of the M@C nanostructures due to synergetic interactions between the third component and M@C, and (iii) applications as multi-functional catalysts.
Morphology effect
In catalyst design, morphology is another important factor that needs to be taken into consideration besides the structural parameters discussed above. For instance, Chen et al. [92] encapsulated Co nanoparticles within 3D graphene (Co@3DG), and found that after ascorbic acid treatment, the sample exhibited enhanced ORR activity. From the TEM images in Fig. 11a-b , one can clearly see that ascorbic acid treatment did not change the 3D structures with Co nanoparticle wrapped inside except that more graphene wrinkles were formed. From the corresponding nitrogen adsorption- desorption isotherms, the BET surface area of Co@3DG was found to be markedly enhanced after acid treatment (ca. 348 m 2 g À1 ), due to the generation of an increasing number of mesopores and macropores. In cyclic voltammetric measurements, after acid treatment, Co@3DG possessed a more positive ORR peak potential at À0.08 V (vs. Hg/HgO) and higher cathodic current density of 2.25 mA cm À2 than the one without acid treatment (ORR peak potential À0.15 V, and peak current density 1.5 mA cm À2 ) in 0.1 M KOH electrolyte (Fig. 11c) . In another study [150] , the Guo group studied and compared the ORR activity of Co@Co 3 O 4 @C, where the carbon shell was either a highly ordered porous carbon matrix or disordered porous carbon matrix (Fig. 11d-e) . Interestingly, the ordered sample (Co@Co 3 O 4 @C-CM) showed a much higher ORR activity (E onset ¼ þ0.93 V and E ½ ¼ þ0.81 V) than the disordered counterpart (Co@Co 3 O 4 eC, E onset ¼ þ0.85 V and E ½ ¼ þ0.70 V). In fact, the ORR performance of the former is close to that of Pt/C in O 2 -saturated 0.1 M KOH (Fig. 11f) . This is accounted for by the fact that the ordered open space could better facilitate rapid mass transfer of the gas and electrolyte, which was further confirmed by studies with other catalysts [151, 152] . Indeed, the morphology of the M@C composites can have significant effects on both the electron transfer and mass transport dynamics of the catalytic reactions, and thus is an important factor in catalyst design and engineering [153] [154] [155] [156] .
Applications
In addition to HER, OER and ORR, M@C nanocomposites have also shown potential applications towards other important reactions such as CO 2 RR. For instance, the Xie group [103] synthesized graphene confined Sn quantum dots (SnQD@G) using a two-step approach (Fig. 12a) . HRTEM measurements (Fig. 12b) suggested that the SnQD was wrapped and well dispersed in the graphene matrix, and AFM study (Fig. 12c) showed that the SnQD exhibited a 2D sheetlike feature with a thickness of ca. 1.41 nm. Interestingly, the SnQD@G sample exhibited a higher catalytic activity towards CO 2 RR in CO 2 -saturated 0.1 M NaHCO 3 than Sn nanoparticles, bulk Sn or the mixture of Sn nanoparticles and graphene (Fig. 12d) . Fig. 12e depicts the CO 2 reduction products at various overpotential and the SnQD@G sample showed a higher faradaic efficiency for formate production than other catalysts in the series, which reached a maximum at À1.8 V. This may be due to the high electrochemical surface area of SnQD@G, as manifested in the double-layer capacitance (Fig. 12f) . Consistently, the CO 2 adsorption capacity of the SnQD@G catalyst reached 26.1 mg/g at 1 atm, which was 9, 2 and 1.75 times that of bulk Sn, Sn nanoparticles and mixture of Sn nanoparticles and graphene, respectively, as shown in Fig. 12g .
Additionally, one of the advantages of M@C nanocomposites is the multi-functional activity that is critical in the applications of, for instance, overall water splitting [13] [14] [15] which requires the electrocatalysts to be active for both OER and HER and rechargeable metal-air batteries [16] [17] [18] where active electrocatalysts are needed for both ORR and OER. Here we highlight the applications of two M@C catalysts in these electrochemical devices, with additional examples listed in Tables 1 and 2 . In one study, Zhao et al. [94] prepared Co nanoparticles embedded in porous N-doped carbon fibers (Co@NC, Fig. 13a-b) , which exhibited apparent activity for both OER (E 10 ¼ þ1.515 V, Fig. 13c ) and HER (h 10 ¼ À0.249 V, Fig. 13d ) in 1.0 M KOH. Using the Co@NC as both cathode and anode catalysts for overall water splitting in 1.0 M KOH, the authors observed an E 10ws value of only 1.66 V, and there was almost no current loss after 10 h's continuous operation at this cell voltage (Fig. 13e-f) . In another study [101] , Wang et al. prepared Co@NC@GC hybrids (Fig. 14a-b) . The sample showed bifunctional catalytic performance towards ORR and OER, with an ORR E ½ of þ0.93 V, 40 mV more positive than that of commercial Pt/C, and OER E 10 of þ1.57 V, as compared to that (þ1.59 V) for Ir/ C (Fig. 14c-d) . That is, the overall potential for the oxygen electrode was only 0.64 V, which was much smaller than leading results in recent literatures [157] [158] [159] [160] . With the unique bifunctional characteristics, the catalysts were used as electrode materials for rechargeable Zn-air battery (Fig. 14e) . Fig. 14f compares the battery performance with that using commercial Pt/C as electrode catalysts. One can see that Co@NC@GC needed ca. 0.95 V to drive a 5 mA/cm À2 charge/discharge current density, which was lower than that of Pt/C (1.10 V).
Summary and perspectives
In summary, M@C core@shell nanocomposites have emerged as a new class of functional nanomaterials that may be exploited as high-performance electrocatalysts towards diverse reactions, due to charge transfer from the metal core to the carbon shell. This synergistic interaction can be readily manipulated by the chemical nature and structure of the metal core (elemental composition, core size, etc) as well as the carbon shell (doping and layer thickness). Further manipulation of the catalytic performance can be achieved by surface morphologies and integration of a third component into the composites, as manifested in a range of studies involving reactions such as ORR, OER, HER and CO 2 RR.
In a number of studies that combine theoretical and experimental results, the structural models for theoretical simulations are generally oversimplified. This raises a significant question about the relevance between the two results. In particular, theoretical studies have shown that charge transfer from the metal cores to the carbon shell is primarily confined to the first graphene layer and diminishes sharply with increasing graphene layer thickness, and virtually no impacts are observed with a carbon shell of three or more graphene layers. By contrast, most experimental samples show a much thicker carbon shell. This is likely due to the dispersity of the carbon layer thickness in the samples, and it is a technical challenge to resolve carbon shells of only a few graphene layers. Therefore, a knowledge gap remains in the direct correlation between the experimental and theoretical results. Development of experimental protocols to prepare M@C with a well-defined number of graphene layers is highly desired.
Nevertheless, one can see that the electrocatalytic performance of M@C is apparent and should be of interest in a wide range of important applications, such as full water splitting and metal-air batteries, thanks to the multifunctional activity that can be readily tuned by the composite structures. Promising progress has indeed been made along this line. Continuing research is desired to further improve and eventually optimize the catalytic performance.
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